Introduction {#Sec1}
============

A substantial amount of evidence indicates that chronic cerebral hypoperfusion (CCH), a state of chronic cerebral blood flow reduction, is associated with several cerebrovascular and neurodegenerative disorders including Alzheimer's disease (AD), carotid stenosis/occlusion, cerebral arteriovenous malformation, dural arteriovenous fistula, moyamoya disease and cerebral small vessel disease \[[@CR1]--[@CR6]\]. In our previous study \[[@CR7]--[@CR11]\], we found that CCH may contribute to neuronal apoptosis, cognitive impairment, chronic neuroinflammatory responses and abnormal excessive autophagy in the frontal cortex and hippocampus of rats, resulting in cerebral ischemic damage. The fatty acid amide hydrolase inhibitor URB597 (URB) could be a candidate for alleviating chronic intracranial ischemic injury, as it could offer increased selective protection with less risk of the undesirable side effects that have been observed with cannabinoid receptor agonists capable of activating all accessible receptors indiscriminately \[[@CR7]--[@CR11]\]. Thus, we believe that URB might be a promising therapeutic agent for the treatment and management of CCH. However, the mechanisms underlying URB treatment are complex, and require further clarification.

Under conditions of cerebral ischemic insult, neuroinflammatory changes, such as the activation of microglia and astrocytes and the release of proinflammatory cytokines, initially serve as protective mechanisms. However, the unabated release of these proinflammatory cytokines subsequently interrupts the balance between proinflammatory and anti-inflammatory cytokines, contributing to neuronal damage. Chronic neuroinflammation is tightly associated with neuronal loss, neuronal cell death and accumulation of reactive oxygen species (ROS) \[[@CR9], [@CR12]--[@CR14]\]. Nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing (NLRP) 3 inflammasome is a member of the NLR family of innate immune cell sensors. It is a cytosolic multi-protein complex composed of NLRs, adaptor protein apoptosis-associated speck-like protein (ASC) and caspase-1 (CASP1) \[[@CR15]\]. NLRP3 inflammasome is well-known to trigger the cleavage and activation of caspase-1, leading to maturation and secretion of interleukin-1β (IL-1β) and interleukin-18 (IL-18) \[[@CR16]\]. Accumulating evidence indicates that overactivation of this inflammasome is critical for the pathogenesis of several disorders such as Crohn's disease, atherosclerosis, gout and type 2 diabetes \[[@CR17]\]. In the central nervous system (CNS), microglia are the principal neuroinflammatory cells. Constant microglial activation may promote the overactivation of the NLRP3 inflammasome, which mediates IL-1β-related inflammation \[[@CR18]\]. Targeting the assembly and activity of the NLRP3 inflammasome would be a potential and novel therapy for cerebral ischemic stroke \[[@CR19]\]. Hence, based on those facts, the regulation of NLRP3 inflammasome pathways in the presence of CCH is worth exploring.

Autophagy, an evolutionarily conserved cellular process, facilitates the continual delivery of damaged proteins and organelles to the lysosome for degradation, which is essential for cell survival and the maintenance of cellular homeostasis \[[@CR20]\]. Autophagy may balance the beneficial and detrimental effects of neuroinflammation, and thereby may protect against chronic inflammatory neuronal injury. However, the interactions between the autophagy-lysosome pathway and neuroinflammation signaling are complex and controversial \[[@CR21]\]. In some conditions, autophagy proteins could act as inducers and suppressors of inflammatory responses. In other conditions, inflammatory signals could, in turn, promote or inhibit the process of autophagy. To the best of our knowledge, under conditions of CCH, there is little data thus far that supports interactions between autophagy and neuroinflammation. Whether the autophagy-lysosome pathway participates in NLRP3 inflammasome activation has yet to be determined and understood. Therefore, elucidation of the possible mechanisms involved in CCH-induced abnormal excessive autophagy and NLRP3 inflammasome activation might provide new therapeutic targets for the treatment of CCH.

To clarify these issues, in the present study, we attempted to investigate the roles of impaired autophagy involved in NLRP3 inflammasome activation and the underlying mechanisms under conditions of CCH as well as treatment with URB.

Materials and methods {#Sec2}
=====================

Animals {#Sec3}
-------

Male Sprague-Dawley rats, weighing 230--250 g, were obtained from the experimental animal center of Shanghai SIPPR-BK Laboratory Animal Co. Ltd. (Shanghai, China). Prior to the experiments, the rats were housed under standard conditions of temperature (23 ± 1 °C), humidity (60%) and light (12:12 h light/dark cycle, lights on from 08:30 to 20:30), with free access to food and water. After 1 week of acclimatization, the rats were randomly divided into 11 groups (five rats per group) as follows: (1) sham-operated, (2) bilateral common carotid artery occlusion (BCCAo), (3) BCCAo+autophagy inhibitor 3-methyladenine (3-MA; Sigma-Aldrich, St. Louis, MO, USA), (4) BCCAo+lysosome inhibitor chloroquine (CQ Sigma), (5) BCCAo+microglial activation inhibitor minocycline (Sigma-Aldrich), (6) BCCAo+ROS scavenger *N*-acetylcysteine (NAC; Sigma), (7) BCCAo+URB (Cayman Chemicals, Tallinn, Estonia), (8) BCCAo+URB+3-MA, (9) BCCAo+URB+CQ, (10) BCCAo+URB+minocycline, (11) BCCAo+URB+NAC. After 12 weeks, all rats were euthanized by deeply sedating them with 100% O^2^/5% isoflurane, followed by decapitation. Their brains were immediately removed for experiments or stored at − 70 °C for later use.

Experimental protocols were performed according to Chinese legislation on the use and care of laboratory animals and were approved by the Animal Laboratory Center of Tongji University School of Medicine.

CCH model {#Sec4}
---------

The maximum chronic hypoperfusion phase in a rat model of CCH induced by BCCAo may persist for 12 weeks \[[@CR22]\], which was the experimental interval used in this study. Rats were anesthetized with sodium pentobarbital \[50 mg/kg, intraperitoneal (i.p.) injection\]. A ventral midline incision was made, and both common carotid arteries were bilaterally separated from the carotid sheath and vagus nerve. Each common carotid artery was doubly ligated with a 5-0 silk suture approximately 8 to 10 mm inferior to the origin of the external carotid artery. Then, the incision was sutured. Sham-operated animals were subjected to the same procedure but without arterial ligation. After the surgical procedures, all rats received painkillers twice a day for 1 week.

Drug administration {#Sec5}
-------------------

URB (0.3 mg/kg/day, i.p.), CQ (25 mg/kg/day, i.p.), minocycline (50 mg/kg/day, i.p.), NAC (20 mg/kg/day, i.p.) and 3-MA \[3 μg/day, intracerebroventricular (i.c.v.) injection\] dosages were selected based on previous studies \[[@CR11], [@CR23]--[@CR25]\]. For baseline balance, all experimental rats received the intracerebroventricular catheter implantation. Afterwards, all rats received antibiotics injections for 1 week. Furthermore, WBC and CRP were detected for all rats once per week. Rats with significant inflammatory changes (pus from the operative incision, significantly higher WBC and CRP counts, etc.) were excluded from our study. All experimental drugs were dissolved in a solvent consisting of 99% sterile saline and 1% DMSO, while the sham-operated and BCCAo groups were daily administered an equivalent volume of vehicle solution (99% sterile saline and 1% DMSO). All experimental drugs were administered after BCCAo for 12 consecutive weeks.

Guide catheters were implanted into both cerebral ventricles (distances from bregma: anteroposterior, 0.5 mm; mediolateral, 1.0 mm; depth, 2.0 mm) \[[@CR26]\]. Daily infusion of 3-MA was delivered using a microinjector (KD Scientific Inc., Holliston, MA, USA) into both cerebral ventricles at a rate of 2.5 μL/min for 12 weeks according to an earlier report \[[@CR7]--[@CR9], [@CR11], [@CR27]\] and protocols previously established in our laboratory.

Electron microscopy {#Sec6}
-------------------

Briefly, according to our previous study \[[@CR11]\], coronal slices in the CA1 hippocampal area were cut to a thickness of 1 mm and postfixed with 2.5% glutaraldehyde overnight at 4 °C. Then, these slices were washed with 0.1 mol/L PBS three times, and were postfixed in 1% osmium tetroxide for 2 h at 4 °C. Subsequently, the blocks were dehydrated in graded ethanol and embedded in epoxy resin. Randomly selected ultrathin sections (60--70 nm) were poststained with uranyl acetate and lead citrate and examined under an electron microscope (Philips, Amsterdam, Netherlands).

Isolation of mitochondria {#Sec7}
-------------------------

The mitochondrial fraction was isolated using a Qproteome Mitochondria Isolation Kit (Qiagen, Düsseldorf, Germany). Briefly, 20 mg of tissues were cut into pieces and homogenized in 2 mL lysis buffer with protease inhibitor solution. The supernatant (containing cytosolic proteins) was collected after centrifugation at 1000×*g* for 10 min at 4 °C. The pellet was resuspended and disrupted in 1.5 mL ice-cold disruption buffer. After centrifugation at 1000×*g* for 10 min at 4 °C, the supernatant was collected and centrifuged at 6000×*g* for 10 min. The pellet (containing mitochondria) was resuspended in 750 μL mitochondrial purification buffer and added to the top of a mitochondrial purification buffer layer (500 μL disruption buffer under 750 μL mitochondrial purification buffer). After centrifugation at 14,000×*g* for 15 min, a pellet or band containing mitochondria formed in the lower part of the tube and was transferred to a new tube. The suspension was washed three times with 1.5 mL mitochondrial storage buffer by centrifuging at 8000×*g* for 10 min. The highly purified mitochondria were resuspended in mitochondrial storage buffer. Fresh mitochondria were used for membrane potential detection. Mitochondrial and cytosolic fractions were stored at − 70 °C until further use.

Western blot analysis {#Sec8}
---------------------

Samples (20 μg of protein) were separated by 8%, 10%, or 12% sodium dodecyl sulfate polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane was blocked with 5% non-fat milk and 0.1% Tween-20 in Tris-buffered saline for 1 h and then incubated overnight at 4 °C with primary antibodies against the following proteins: microtubule-associated protein 1 light chain 3 (LC3, 1:200, Abgent), p62 (1:400, Abcam), lysosomal-associated membrane protein 1 (LAMP1, 1:1000, Cell Signaling Technology), parkin (1:1000, Cell Signaling Technology), BCL-2/adenovirus E1B (19 K)-interacting protein (BNIP3, 1:100, Cell Signaling Technology), NLRP3 (1:1000, Abcam), CASP1 (p20, 1:1000, Abcam), IL-1β (p17, 1:1000, Abcam), OX-42 (1:600, Santa Cruz Biotechnology), cyclooxygenase-2 (COX-2, 1:1500, Cell Signaling Technology), inducible nitric oxide synthase (iNOS, 1:1000, Cell Signaling Technology), voltage-dependent anion-selective channel 1 (VDAC1, 1:1000, Santa Cruz Biotechnology) and β-actin (1:5000, Abcam). The membrane was then incubated with the appropriate horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG secondary antibodies for 1 h at room temperature. Protein bands were detected by applying SuperSignal-enhanced chemiluminescent substrate solution (Millipore, Watford, UK). The proteins were quantified by OD ratio using β-actin as the control. In the case of mitochondria, VDAC1 was employed as the loading control.

Immunofluorescence staining {#Sec9}
---------------------------

The hippocampus was dissected from the brain and then was serially dehydrated, embedded in paraffin and cut into 5-μm thick coronal sections for immunofluorescence. Briefly, paraffin-embedded sections were deparaffinized and washed three times with PBS for 5 min. Then, the sections were immersed in EDTA-Tris solution (pH 9.0) for 30 min at 98 °C for antigen retrieval and rinsed three times with PBS for 5 min. Subsequently, the slides were incubated with 10% non-immune goat serum for 30 min at room temperature to block non-specific staining. After that, the slides were incubated in humidified chambers at 4 °C overnight with primary antibodies as follows: LC3 (1:100, Abgent), p62 (1:100, Abcam), LAMP1 (1:200, Cell Signaling Technology), TOM20 (1:1000, Santa Cruz) and NLRP3 (1:500, Abcam). The next day, after washing these sections in PBS, tetramethylrhodamine isothiocyanate (TRITC)-conjugated anti-mouse/rabbit secondary antibodies (1:200, Santa Cruz Biotechnology) were applied for 1 h at 37 °C. Finally, all stained specimens were observed under a confocal laser scanning microscope (Leica, Wetzlar, Germany). For the quantitative analysis, the average score of five randomly selected areas was calculated using National Institutes of Health (NIH) Image Pro Plus 6.0 software.

Enzyme-linked immunosorbent assay {#Sec10}
---------------------------------

The amounts of tumor necrosis factor (TNF)-α and IL-1β in the brain tissues were quantified using an enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN, USA), according to the manufacturer's instructions. Briefly, equal amounts of proteins were loaded into all wells, followed by measurements of optical density (OD) in a plate reader at a wavelength of 450 nm, with analyses for concentrations based on a standard curve. For convenience, all results were expressed as pg/mg protein.

Dihydroethidium staining {#Sec11}
------------------------

Reactive oxygen species (ROS) were determined by dihydroethidium (DHE) staining as described previously \[[@CR9], [@CR28]\]. Briefly, the sections were incubated in 10 mmol/L DHE (Sigma-Aldrich, St. Louis, MO, USA) at room temperature for 30 min without light exposure. All stained slices were observed under a fluorescence microscope (Olympus IX71, Melville, NY, USA). For the quantitative analysis, the average score of five randomly selected areas was calculated using NIH Image Pro Plus 6.0 software.

Statistical analysis {#Sec12}
--------------------

The data in our study are expressed as mean ± standard error of the mean (SEM). Statistical analyses were performed using one-way analysis of variance (ANOVA) with Dunnett's post-hoc test. Values of *P* \< 0.05 were used as the criterion for statistical significance.

Results {#Sec13}
=======

CCH-induced autophagy dysfunction may be correlated with IL-1β secretion in rat hippocampus {#Sec14}
-------------------------------------------------------------------------------------------

In our previous studies \[[@CR9], [@CR11]\], we found that CCH caused the release of proinflammatory cytokines and induced lysosomal dysfunction, which may promote the accumulation of autophagosomes, resulting in abnormal excessive autophagy. Since it has been reported that autophagy dysfunction may contribute to the induction of neuroinflammation \[[@CR29], [@CR30]\], we examined whether there was a link between abnormal excessive autophagy and neuroinflammation in the presence of CCH. We investigated the expression of inflammatory markers, including TNF-α, IL-1β, COX-2 and iNOS, in the hippocampus. We found that CCH significantly increased TNF-α, IL-1β, COX-2 and iNOS levels in the rat hippocampus as compared with the sham group (Fig. [1a--d](#Fig1){ref-type="fig"}). However, treatment with URB significantly reversed this tendency. Interestingly, treatment with the autophagy inhibitor 3-MA and lysosome inhibitor CQ significantly neutralized the effects of URB and further promoted the expression of IL-1β after URB treatment (Fig. [1a](#Fig1){ref-type="fig"}). These results indicated that autophagy dysfunction may be involved in IL-1β secretion after CCH and URB treatment. Fig. 1Effects of URB, autophagy inhibitor 3-MA and lysosome inhibitor CQ on CCH-induced up-regulation of proinflammatory cytokines. **a** The protein levels of IL-1β in the hippocampus. **b** The protein levels of TNF-α in the hippocampus. **c** Representative western blot and relative optical density analysis of COX-2 and β-actin in the hippocampus. **d** Representative western blot and relative optical density analysis of iNOS and β-actin in the hippocampus. Data are expressed as mean ± SEM (*n* = 5). \**P* \< 0.05 versus sham group. \*\**P* \< 0.05 versus BCCAo group. ^\#^*P* \< 0.05 versus BCCAo+URB group

URB inhibits CCH-induced NLRP3 inflammasome activation in rat hippocampus {#Sec15}
-------------------------------------------------------------------------

The inflammasome is a cytosolic multi-protein complex composed of NLRs, adaptor protein ASC and CASP1 \[[@CR15]\]. The NLRP3 inflammasome represents a primary pathway that triggers the activation of CASP1 and subsequently the maturation of IL-1β \[[@CR31]\]. Considering that we found autophagy dysfunction may be involved in IL-1β secretion after CCH, the protein expressions of NLRP3, cleaved caspase-1 and cleaved IL-1β were analyzed in the hippocampus. Compared with the sham group, the expressions of NLRP3, cleaved caspase-1 and cleaved IL-1β were significantly increased by CCH, but this increase was significantly attenuated by URB treatment, suggesting that URB could suppress NLRP3-mediated CASP1 activation and mature IL-1β secretion. Moreover, the autophagy inhibitor 3-MA and lysosome inhibitor CQ notably neutralized the effects of URB and further increased NLRP3, cleaved caspase-1 and cleaved IL-1β levels after URB treatment (Fig. [2b--d](#Fig2){ref-type="fig"}). These results suggested that the autophagy-lysosome pathway might participate in CCH-induced activation of the NLRP3 inflammasome and subsequent release of IL-1β. Fig. 2Effects of URB, autophagy inhibitor 3-MA and lysosome inhibitor CQ on CCH-induced NLRP3 inflammasome activation. **a** Representative western blot for NLRP3, cleaved CASP1, cleaved IL-1β and β-actin in the hippocampus. **b** Relative optical density analysis for NLRP3 in the hippocampus. **c** Relative optical density analysis for cleaved CASP1 in the hippocampus. **d** Relative optical density analysis for cleaved IL-1β in the hippocampus. Data are expressed as mean ± SEM (*n* = 5). \**P* \< 0.05 versus sham group. \*\**P* \< 0.05 versus BCCAo group. ^\#^*P* \< 0.05 versus BCCAo+URB group

URB alleviates CCH-induced NLRP3 inflammasome activation by promoting the restoration of lysosomal function {#Sec16}
-----------------------------------------------------------------------------------------------------------

Autophagy mainly consists of three sequential steps including autophagosome formation, transportation to the lysosomes and degradation in the lysosomes, and each step may have diverse functions \[[@CR32]\]. LC3, p62 and LAMP1 were chosen as the selective markers for the above three steps, respectively. 3-MA, one of the autophagy inhibitors, was used to inhibit autophagosome formation by interrupting PI3K/AKT/mTOR signaling, while CQ, one of the lysosome inhibitors, was utilized to inhibit autophagic flux and lysosomal function by blocking lysosomal acidification \[[@CR33]\]. To determine which steps are involved in the effects of URB on CCH-induced NLRP3 inflammasome activation, we examined the expressions of NLRP3, LC3, p62 and LAMP1 and their colocalization in the hippocampus. CCH resulted in the emergence of more NLRP3, LC3 and p62 puncta and fewer LAMP1 puncta, indicating the formation of NLRP3 aggregates, impaired autophagic flux and lysosomal dysfunction, respectively. URB significantly decreased the expressions of NLRP3, LC3 and p62 and increased the expression of LAMP1. Compared with the BCCAo+URB group, the autophagy inhibitor (3-MA+BCCAo+URB group) aggravated the overexpression of NLRP3 and p62 (Figs. [3b, c](#Fig3){ref-type="fig"}, [4c](#Fig4){ref-type="fig"}, and [5c](#Fig5){ref-type="fig"}), while the lysosome inhibitor (CQ+BCCAo+URB group) further increased the expressions of NLRP3, LC3 and p62 and decreased the expression of LAMP1 (Figs. [3b, c](#Fig3){ref-type="fig"}, [4b, c](#Fig4){ref-type="fig"}, and [5b, c](#Fig5){ref-type="fig"}). Confocal microscopy showed very little colocalization between NLRP3 and p62 after URB treatment (Fig. [3a](#Fig3){ref-type="fig"}), suggesting that p62 may not be necessary for removing NLRP3 during the process of autophagy after URB treatment. Nevertheless, the fluorescent NLRP3-positive puncta were co-localized with LC3-positive autophagosomes and LAMP1-positive lysosomes respectively, supporting the conclusion that the autophagy-lysosome pathway may involve CCH-induced activation of the NLRP3 inflammasome (Figs. [4a](#Fig4){ref-type="fig"} and [5a](#Fig5){ref-type="fig"}). Interestingly, URB did not substantially change the overlapping signals of the LC3-stained autophagosomes and NLRP3-positive puncta (Fig. [4d](#Fig4){ref-type="fig"}), indicating that the activation of CCH-induced NLRP3 inflammasome may not be restrained by controlling the autophagosome formation stage after URB treatment. However, URB significantly increased the colocalization of NLRP3-positive puncta and LAMP1-positive lysosomes, which was notably reversed by the lysosome inhibitor CQ (Fig. [5d](#Fig5){ref-type="fig"}), confirming that URB may suppress the activation of CCH-induced NLRP3 inflammasome by restoring the lysosomal function. Fig. 3p62 may not be necessary for removing NLRP3 inflammasome in the process of autophagy after URB treatment. **a** Representative immunofluorescence staining for NLRP3 and p62 in the hippocampal CA1 region. (scale bars = 20 μm). *Green puncta*: NLRP3 inflammasome; *red puncta*: p62; *yellow puncta*: p62/NLRP3 overlap. **b** Relative level of p62 (ratio of the sham group). The p62-positive puncta in the sham group are set to 1. **c** Relative level of NLRP3 (ratio of the sham group). The NLRP3-positive inflammasome in the sham group is set to 1. **d** Relative level of p62/NLRP3 overlap (p62/NLRP3 overlap/mm^2^). Data are expressed as mean ± SEM (*n* = 5). \**P* \< 0.05 versus sham group. \*\**P* \< 0.05 versus BCCAo group. ^\#^*P* \< 0.05 versus BCCAo+URB group Fig. 4The activation of CCH-induced NLRP3 inflammasome may not be restrained by controlling the autophagosome formation stage after URB treatment. **a** Representative immunofluorescence staining for NLRP3 and LC3 in the hippocampal CA1 region. (scale bars = 20 μm). *Green puncta*: NLRP3 inflammasome; *red puncta*: LC3-positive autophagosome; *yellow puncta*: LC3/NLRP3 overlap. **b** Relative level of LC3 (ratio of the sham group). The LC3-positive autophagosome in the sham group is set to 1. **c** Relative level of NLRP3 (ratio of the sham group). The NLRP3-positive inflammasome in the sham group is set to 1. **d** Relative level of LC3/NLRP3 overlap (ratio of the sham group). The LC3/NLRP3 overlap in the sham group is set to 1. Data are expressed as mean ± SEM (*n* = 5). \**P* \< 0.05 versus sham group. \*\**P* \< 0.05 versus BCCAo group. ^\#^*P* \< 0.05 versus BCCAo+URB group Fig. 5The activation of CCH-induced NLRP3 inflammasome may be restrained by restoring the lysosomal function after URB treatment. **a** Representative immunofluorescence staining for NLRP3 and LAMP1 in the hippocampal CA1 region. (scale bars = 20 μm). *Green puncta*: NLRP3 inflammasome; *red puncta*: LAMP1-positive lysosome; *yellow puncta*: LAMP1/NLRP3 overlap. **b** Relative level of LAMP1 (ratio of the sham group). The LAMP1-positive lysosome in the sham group is set to 1. **c** Relative level of NLRP3 (ratio of the sham group). The NLRP3-positive inflammasome in the sham group is set to 1. **d** Relative level of LAMP1/NLRP3 overlap (ratio of the sham group). The LAMP1/NLRP3 overlap in the sham group is set to 1. Data are expressed as mean ± SEM (*n* = 5). \**P* \< 0.05 versus sham group. \*\**P* \< 0.05 versus BCCAo group. ^\#^*P* \< 0.05 versus BCCAo+URB group

URB attenuates CCH-induced impaired autophagy by inhibiting microglial overactivation {#Sec17}
-------------------------------------------------------------------------------------

Prior evidence has shown that microglial overactivation may lead to the activation of the NLRP3-CASP1 inflammasome pathway and the release of IL-1β \[[@CR34]--[@CR36]\]. Additionally, autophagy is associated with microglial overactivation in the CNS \[[@CR37]\]. Thus, to explore a possible link between abnormal excessive autophagy and microglial overactivation after CCH, we assessed the protein levels of LC3, p62, LAMP1 and OX-42 in the hippocampus. CCH significantly increased the protein levels of LC3, p62 and OX-42 and decreased the protein level of LAMP1, and these effects were reversed by URB treatment (Fig. [6b--e](#Fig6){ref-type="fig"}). Intriguingly, the autophagy inhibitor 3-MA and lysosome inhibitor CQ failed to alter the protein level of OX-42 (Fig. [6e](#Fig6){ref-type="fig"}), while the microglial activation inhibitor minocycline succeeded in reversing the increases in protein levels of LC3, p62 and LAMP1 induced by CCH (Fig. [6b--d](#Fig6){ref-type="fig"}). In addition, URB+minocycline could further restore the protein levels of LC3, p62 and LAMP1 induced by CCH to normal levels (Fig. [6b--e](#Fig6){ref-type="fig"}). These data illustrated that microglial overactivation may be the upstream regulator of autophagy after CCH. Moreover, URB may suppress abnormal excessive autophagy induced by CCH in part by inhibiting microglial activation. Fig. 6Effects of URB, autophagy inhibitor 3-MA, lysosome inhibitor CQ and microglial activation inhibitor minocycline on CCH-induced impaired autophagy. **a** Representative western blot for LC3, p62, LAMP1, OX-42 and β-actin in the hippocampus. **b** Relative optical density analysis for LC3 in the hippocampus. **c** Relative optical density analysis for p62 in the hippocampus. **d** Relative optical density analysis for LAMP1 in the hippocampus. **e** Relative optical density analysis for OX-42 in the hippocampus. Data are expressed as mean ± SEM (*n* = 5). *\*P* \< 0.05 versus sham group. \*\**P* \< 0.05 versus BCCAo group. ^\#^*P* \< 0.05 versus BCCAo+URB group

URB inhibits CCH-induced defective mitophagy by preventing ROS accumulation {#Sec18}
---------------------------------------------------------------------------

To observe the ultrastructural changes of the mitochondria, brain sections were examined by electron microscopy. In the sham group, we found mitochondria with prominent cristae and an intact membrane. After the induction of CCH, abnormal mitochondrial swelling and vague cristae were observed, which was mitigated by URB treatment. However, the autophagy inhibitor 3-MA and lysosome inhibitor CQ seemed to increase the numbers of these abnormal mitochondria (Fig. [7](#Fig7){ref-type="fig"}), indicating that mitophagy may play a critical role in the maintenance of mitochondrial integrity. Fig. 7Effects of URB autophagy inhibitor 3-MA and lysosome inhibitor CQ on CCH-induced alterations of mitochondrial ultrastructure. Representative electron micrographs of mitochondria in neurons (scale bars = 2 μm). *N* nucleus

According to the mitophagy pathways \[[@CR38]\], damaged mitochondria are transported to the lysosome for degradation via LC3 binding. Thus, we further examined the colocalization of TOM20 and LAMP1 in the hippocampus. Compared with the sham group, the numbers of TOM20-positive mitochondria increased (Fig. [8c](#Fig8){ref-type="fig"}), but were rarely co-localized with LAMP1-positive lysosomes after CCH (Fig. [8a](#Fig8){ref-type="fig"}). Nevertheless, URB treatment significantly reversed this result, while the lysosome inhibitor CQ+URB further amplified the above phenomenon (Fig. [8a--d](#Fig8){ref-type="fig"}), suggesting impaired mitophagy flux. Fig. 8The clearance of CCH-induced damaged mitochondria may be enhanced by restoring the lysosomal function after URB treatment. **a** Representative immunofluorescence staining for LAMP1 and TOM-20 in the hippocampal CA1 region. (scale bars = 20 μm). *Green puncta*: TOM-20-positive mitochondria; *red puncta*: LAMP1-positive lysosome; *yellow puncta*: LAMP1/TOM-20 overlap. **b** Relative level of LAMP1 (ratio of the sham group). The LAMP1-positive lysosome in the sham group is set to 1. **c** Relative level of TOM-20 (ratio of the sham group). The TOM-20-positive mitochondria in the sham group are set to 1. **d** Relative level of LAMP1/TOM-20 overlap (ratio of the sham group). The LAMP1/TOM-20 overlap in the sham group is set to 1. Data are expressed as mean ± SEM (*n* = 5). \**P* \< 0.05 versus sham group. \*\**P* \< 0.05 versus BCCAo group. ^\#^*P* \< 0.05 versus BCCAo+URB group

Mitochondria play a critical role in the activation of the NLRP3 inflammasome \[[@CR39]\]. ROS, mainly from the mitochondria \[[@CR40]\], may serve as a triggering factor to activate NLRP3 inflammasome \[[@CR41]\]. In our previous study \[[@CR9], [@CR11]\], we found that CCH led to mitochondrial dysfunction, ROS accumulation and impaired mitophagy. We speculated that impaired mitophagy might be associated with ROS accumulation. Hence, to verify a possible link between impaired mitophagy and ROS accumulation after CCH, the protein levels of two mitophagy markers, parkin and BNIP3 were examined in the hippocampus, and ROS were evaluated by DHE staining. The ROS scavenger *N*-acetylcysteine (NAC) significantly decreased the increased protein levels of NLRP3, cleaved CASP1 and cleaved IL-1β induced by CCH (Fig. [9b--d](#Fig9){ref-type="fig"}), thereby confirming ROS accumulation plays a critical role in the activation of the NLRP3 inflammasome after CCH. CCH significantly upregulated the protein levels of parkin and BNIP3 and ROS accumulation, which were markedly downregulated by URB treatment (Figs. [9e, f](#Fig9){ref-type="fig"} and [10b](#Fig10){ref-type="fig"}). Interestingly, the autophagy inhibitor 3-MA and lysosome inhibitor CQ failed to change the level of ROS (Fig. [10b](#Fig10){ref-type="fig"}), whereas the ROS scavenger NAC notably decreased the protein levels of parkin and BNIP3 induced by CCH (Fig. [9e, f](#Fig9){ref-type="fig"}). Moreover, URB+NAC could further decrease the protein levels of parkin and BNIP3 induced by CCH to normal levels (Fig. [9e, f](#Fig9){ref-type="fig"}). The above results revealed that ROS accumulation may be the upstream triggering factor of mitophagy after CCH. Moreover, URB may mitigate defective mitophagy induced by CCH in part by preventing ROS accumulation. Fig. 9Effects of URB, autophagy inhibitor 3-MA, lysosome inhibitor CQ and ROS scavenger NAC on CCH-induced NLRP3 inflammasome activation and impaired mitophagy. **a** Representative western blot for NLRP3, cleaved CASP1, cleaved IL-1β, BNIP3, parkin, β-actin and VDAC1 in the hippocampus. **b** Relative optical density analysis for NLRP3 in the hippocampus. **c** Relative optical density analysis for cleaved CASP1 in the hippocampus. **d** Relative optical density analysis for cleaved IL-1β in the hippocampus. **e** Relative optical density analysis for BNIP3 in the hippocampus. **f** Relative optical density analysis for parkin in the hippocampus. Data are expressed as mean ± SEM (*n* = 5). \**P* \< 0.05 versus sham group. \*\**P* \< 0.05 versus BCCAo group. ^\#^*P* \< 0.05 versus BCCAo+URB group Fig. 10Effects of URB, autophagy inhibitor 3-MA, lysosome inhibitor CQ and ROS scavenger NAC on CCH-induced ROS accumulation. **a** Representative DHE fluorescence staining for ROS in the hippocampal CA1 region (scale bars = 50 μm). **b** Relative level of ROS (ratio of the sham group). The ROS level in the sham group is normalized to 1. Data are expressed as mean ± SEM (*n* = 5). \**P* \< 0.05 versus sham group. \*\**P* \< 0.05 versus BCCAo group

Discussion {#Sec19}
==========

Owing to the complex mechanisms involved in autophagy and neuroinflammatory responses, the interactions between autophagy and neuroinflammation are controversial. The autophagy proteins function as inducers and suppressors of inflammatory responses, while inflammatory signals could promote or inhibit the process of autophagy \[[@CR21]\]. Focusing on chronic cerebral ischemia, in accordance with one recent study \[[@CR42]\], we observed the activation of the NLRP3-CASP1 inflammasome pathway and the release of IL-1β after CCH. In addition, we confirmed for the first time, to our knowledge, that lysosomal dysfunction might contribute to the CCH-induced activation of the NLRP3 inflammasome and subsequent release of IL-1β. Microglial overactivation and ROS accumulation may be the upstream triggering factors of autophagy and mitophagy, respectively. Furthermore, we illustrated that URB might inhibit CCH-induced activation of the NLRP3-CASP1 inflammasome pathway through the restoration of lysosomal function, and mitigate the impaired autophagy and mitophagy flux in part by preventing microglial overactivation and ROS accumulation, indicating that URB is a promising therapeutic agent for the treatment of CCH.

We previously demonstrated that CCH impaired cognitive function and neuronal plasticity \[[@CR8]\]. IL-1β is a selective proinflammatory cytokine involved in hippocampal-dependent memory consolidation. The accumulation of IL-1β in the hippocampus may contribute to cognitive dysfunction \[[@CR34]\]. Maturation and release of IL-1β require the activation of the NLRP3 inflammasome \[[@CR16]\]. Consistent with a recent study \[[@CR2]\], CCH promoted chronic neuroinflammation through over-expression of NLRP3, cleaved caspase-1 and cleaved IL-1β. The activation of the NLRP3-CASP1 inflammasome pathway in ischemic stroke is based on three canonical hypotheses: ROS accumulation, lysosomal rupture and cellular potassium efflux \[[@CR19]\]. At the stage of CCH, ROS accumulation and lysosomal dysfunction-induced impaired autophagy flux contributed to chronic cerebral injury \[[@CR9], [@CR11]\]. The above two possible mechanisms regarding the activation of the NLRP3-CASP1 inflammasome pathway after CCH were further investigated. We found the ROS scavenger NAC notably decreased CCH-induced over-expression of NLRP3, cleaved caspase-1 and cleaved IL-1β, indicating that ROS accumulation might play a critical role in the activation of the NLRP3-CASP1 inflammasome signaling after CCH. ROS are mainly generated from mitochondria \[[@CR39]\]. Hence, we believe that mitochondrial dysfunction is closely related to the activation of the NLRP3-CASP1 inflammasome pathway. URB treatment could significantly decrease the elevated expression of NLRP3, cleaved caspase-1, cleaved IL-1β and ROS accumulation, suggesting the anti-neuroinflammatory effects of URB. Subsequently, we analyzed the presence, localization and quantity of NLRP3 in the hippocampus and found that it was widely expressed in this region, further confirming the activation of the NLRP3 inflammasome. We observed the colocalization of NLRP3 with LC3-positive autophagosomes and LAMP1-positive lysosomes, indicating that NLRP3 may be transported to the lysosome for degradation via LC3 binding. CCH increased the colocalization of NLRP3 and LC3-positive autophagosomes and decreased the colocalization of NLRP3 and LAMP1-positive lysosomes. In addition, the lysosome inhibitor CQ further increased the overlapping signals of NLRP3 and LC3-stained autophagosomes and decreased the overlapping signals of NLRP3 and LAMP1-stained lysosomes, confirming that lysosomal dysfunction may be responsible for the activation of NLRP3 inflammasome. URB significantly increased the colocalization of NLRP3 and LAMP1-positive lysosomes, which was notably reversed by the lysosome inhibitor CQ, indicating that URB may suppress the activated CCH-induced NLRP3-CASP1 inflammasome by restoring lysosomal function.

P62, the described adaptor protein for autophagic transportation, is involved in the autophagy-mediated inhibition of NLRP3 inflammasome activation \[[@CR42], [@CR43]\]. Interestingly, in our present study, p62 was seldom co-localized with NLRP3 after URB treatment, suggesting that p62 may be unnecessary for removing NLRP3 in the process of autophagy after URB treatment. We noticed that p62 is reported to be dispensable for removing damaged mitochondria, challenging the role of p62 in mitophagy \[[@CR44]--[@CR46]\]. Hence, we speculate p62-independent mitophagy might be one of the critical mechanisms involved in NLRP3 inflammasome clearance after URB treatment. In order to eliminate CCH-induced NLRP3 inflammasome activation, other autophagy adaptor proteins, such as NBR1, optineurin, CALCOCO2 and TAX1BP1, might be employed to deliver NLRP3 inflammasome to the lysosome for degradation in p62-independent mitophagy. This possibility requires further investigation.

CCH induced mitochondrial dysfunction, which would promote ROS generation. ROS accumulation may activate the NLRP3-CASP1 inflammasome pathway. According to our electron microscopy results, the autophagy inhibitor 3-MA and lysosome inhibitor CQ further increased the number of CCH-induced abnormal mitochondria, indicating that defective mitophagy may exacerbate the damage to mitochondrial integrity. Subsequently, we confirmed the existence of impaired mitophagy flux after CCH. The mitophagy blockade leads to the accumulation of damaged, ROS-generating mitochondria, which may activate NLRP3-CASP1 inflammasome signaling \[[@CR47]\]. Under the condition of CCH, we found both ROS accumulation and mitophagy blockade could promote the activation of NLRP3-CASP1 inflammasome signaling. However, the underlying link between mitophagy and ROS accumulation is not well understood yet. The autophagy inhibitor 3-MA and lysosome inhibitor CQ did not change the level of ROS after CCH, whereas the ROS scavenger NAC notably decreased the protein levels of parkin and BNIP3, indicating that ROS accumulation may be the upstream triggering factor of mitophagy after CCH.

When pathologically insulted, microglia can transform into an "activated" state. Appropriate activation of microglia can be beneficial to neuronal survival, but excessive activation of microglia may aggravate neuronal damage \[[@CR48]\]. Evidence has shown that microglial overactivation may lead to the activation of the NLRP3 inflammasome and the release of IL-1β \[[@CR34]--[@CR36]\]. Additionally, the autophagy inhibitor 3-MA and lysosome inhibitor CQ further aggravated CCH-induced increased protein levels of NLRP3, cleaved caspase-1 and cleaved IL-1β, indicating autophagy might participate in CCH-induced activation of the NLRP3 inflammasome and subsequent release of IL-1β. At the stage of CCH, either microglial overactivation or impaired autophagy could lead to the activation of the NLRP3-CASP1 inflammasome pathway. Nevertheless, the possible association between autophagy and microglial overactivation has yet to be clarified. The autophagy inhibitor 3-MA and lysosome inhibitor CQ failed to alter the protein level of OX-42 after CCH, while the microglial activation inhibitor minocycline could reverse the CCH-induced protein levels of LC3, p62 and LAMP1, suggesting that microglial overactivation may be the upstream regulator of autophagy after CCH.

The tight interactions between ROS accumulation and microglial overactivation and autophagy are mainly reflected in two ways: the induction of autophagy by ROS accumulation or microglial overactivation \[[@CR49]--[@CR51]\] and the reduction of ROS accumulation or microglial overactivation via autophagy \[[@CR52], [@CR53]\], which is complex, and depends on the region, severity and phase of the insult. In our present study, CCH might impair the processes of autophagy and mitophagy through upregulation of ROS generation and microglial overactivation, indicating that neuroinflammation may play a more dominant role than impaired autophagy at the stage of chronic cerebral ischemic injury. In our opinion, in the presence of an acute ischemic insult, enhanced autophagy could eliminate damaged neuronal cells. Thus, at the initial stage of neuroinflammatory injury, autophagy might regulate the neuroinflammation. With an extension of the insult time and the emergence of CCH-induced autophagy dysfunction, inflammatory neuronal damage gradually cannot be prevented, increasing the accumulation of damaged neuronal cells, and could further exacerbate neuroinflammation, which may aggravate impaired autophagy in turn. Hence, at the stage of chronic neuroinflammation, neuroinflammation may be the upstream regulator of autophagy.

Conclusions {#Sec20}
===========

In conclusion, our data revealed that CCH-induced microglial overactivation and ROS accumulation promoted the activation of the NLRP3 inflammasome and the release of IL-1β. In addition, blocked autophagy and mitophagy flux may contribute to the activation of the NLRP3-CASP1 inflammasome pathway. However, URB might alleviate impaired autophagy and mitophagy by decreasing mitochondrial ROS and microglial overactivation as well as restoring lysosomal function, which would further inhibit the activation of the NLRP3-CASP1 inflammasome pathway. These findings extend and underscore the potential therapeutic effects of URB in chronic cerebral ischemic insults.
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